The ability to perform complex sequences of movements quickly and accurately is 3 critical for many motor skills. While training improves performance in a large variety 4 of motor-sequence tasks, the precise mechanisms behind such improvements are 5 poorly understood. Here we investigated the contribution of single-action selection, 6 sequence pre-planning, online planning, and motor execution to performance in a 7 discrete sequence production (DSP) task. Five visually-presented numbers cued a 8 sequence of five finger presses, which had to be executed as quickly and accurately 9 as possible. To study how sequence planning influenced sequence production, we 10 manipulated the amount of time that participants were given to prepare each 11 sequence by using a forced-response paradigm. Over 4 days, participants were 12 trained on 10 sequences and tested on 80 novel sequences. Our results revealed 13 that participants became faster in selecting individual finger presses. They also pre-14 planned 3-4 sequence items into the future, and the speed of pre-planning improved 15 for trained, but not for untrained, sequences. Because pre-planning capacity 16 remained limited, the remaining sequence elements had to be planned online during 17 sequence execution, a process that also improved with sequence-specific training. 
Introduction
Figure 1. Discrete sequence production (DSP) task. A. Visual (e.g., numbers) stimuli instruct which finger presses have to be executed in what order (left-to-right) . After a reaction time, five force presses are executed. B. Pre-planning takes place during the reaction time (i.e., before movement onset); online planning occurs in parallel with motor sequence execution (i.e., after movement onset).
considered released when the force returned below 1 N (e.g., vertical dashed line in On each trial, a fully predictable series of four regularly-paced auditory tones (800 ms A series of 4 audio-visual signals (800 ms apart) specifies the timing of movement initiation (vertical arrow) within the acceptable response window. Sequence cues appear at one of four time points (yellow dots) before the 4 th signal (Preparation phase). After completing the sequence (Execution phase), participants receive points depending on their performance. Colored lines illustrate schematic force traces for the 5 finger presses in a sequence. The horizontal dotted line denotes the force threshold for a press/release. Vertical lines indicate press onsets (P1 = first press; IPI 1 = first inter-press interval). The vertical dashed line represents the release of the last press (end of the Execution phase). RT = reaction time, ET = execution time, ITI = inter-trial interval. B. Left: the Training experiment (N = 20) consisted of 4 days of training on single response (green), sequence training (blue), and random sequences (orange) blocks. Right: after ~3 months we called the same participants back for a Retention test (N = 15) with blocks of trials including either trained (blue), untrained (orange), or mixed trained/untrained (striped) sequences. Mixed blocks contained 30 trained and 10 untrained sequences presented in random order. We also alternated the Forced-RT (FC) and Free-RT (FR) paradigm every two blocks. The initial paradigm was counterbalanced across participants.
synchronously as possible with the 4 th tone. The informative sequence cue (i.e., the 1 numbers on the screen) could appear 400, 800, 1600, or 2400 ms before the 4 th tone 2 (yellow dots in Fig. 2A ), giving participants variable time to plan the whole sequence first (a number from 1 to 5), ignore the other four (filler numbers from 6 to 9 and 0),
18
and produce the corresponding single finger press in synchrony with the 4 th tone.
19
Because single-item selection is faster than sequence pre-planning, the preparation 20 times in the single response blocks ranged from 200ms to 650ms before the 4 th tone 21 in 10 steps of 50 ms.
23
Feedback. In order to motivate participants to improve further in sequence 24 production speed once they became comfortable with the task, we provided them 25 with feedback about their performance throughout each training and testing session.
before, or after, the last tone); -1 points for small timing errors (i.e., between 300 and 1 100 ms before, or after, the last tone); 0 points for correct timing (i.e., less than 100 2 ms before, or after, the last tone) but wrong finger press; +1 points for correct timing 3 and press, but ET 20% or more higher than upper ET threshold; +2 points for correct 4 timing and press, but ET between upper and lower ET thresholds; and +3 points for 5 correct timing and press, and ET 5% or more lower than lower ET threshold. Upper 6 and lower ET thresholds determining the performance score would decrease from 7 one block to the next if both of the following performance criteria were met: median 8 ET in the last block faster than best median ET so far in the session, and mean ER in 9 the last block < 30%. If either one of these criteria was not met, the thresholds for the 10 next block remained unchanged (i.e., the same as previous block). At the end of 11 each block of trials, the median ET, mean ER, and points earned were displayed to 12 the participants.
13
The point system remained identical for Single response blocks ( Fig. 2B ; see
14
Experiment Paradigm section below), with the exception that there was no sequence 15 execution speed (i.e., no ET), but only finger selection accuracy. Thus making the 16 correct finger press with correct timing directly produced +3 points. Given the shorter 17 preparation time allowed in Single response blocks, we warned participants that the 18 task was supposed to be challenging and that, if they felt like they didn't have enough
19
time to plan the correct press, they should randomly choose which finger to press, as 20 it would be more beneficial for them to guess wrong at the right time (0 points), than 21 to respond correctly with incorrect timing (negative points). the following logistic function, separately for each subject:
is the predicted finger selection accuracy for trial n; ! is the manipulated 24 preparation time; and are free parameters determining, respectively, the axis (i.e., the preparation time where the midpoint occurs). The offset = 0.2 1 constrained the logistic function to range between 0.2 (chance selection accuracy) 2 and 1. The parameters , were then fitted to the data of each day separately using 3 MATLAB's fminsearch routine to minimize the Bernoulli loss function:
where is the observed and ! the predicted selection accuracy. Due to poor 7 performance in single response blocks and insufficient number of trials for some of 8 the conditions, the data from one subject could not be fitted and was therefore 9 excluded from this analysis (thus, N = 19).
10
Statistical analyses to assess sequence-general and sequence-specific One factor that may underlie sequence-general learning effects is an improved ability 7 to associate each number with the corresponding finger. We measured this ability 
17
These results indicate that learning effects in sequence production can be 18 partly explained by improvements in the selection and execution of individual 19 sequence elements. Indeed, a ~100 ms speed improvement per digit could 20 potentially fully account for the observed improvements for untrained sequences.
21
However, it cannot account for the added performance benefit for trained sequences, faster, more accurate) sequence execution. Therefore, we used a forced-response 6 paradigm to infer how much of a sequence had been pre-planned. Indeed, we found 7 that longer preparation times led to faster sequence execution (Fig. 5A ), in any phase 8 of training. This was confirmed by a within-subject ANOVA that included the last 2 9 trained and the last 2 untrained blocks of each day: averaged across day and 10 sequence type (i.e., trained or untrained), the main effect of preparation time on ET 11 was significant (F 3,57 = 58.63, p < 0.0001). In other words, with more time to prepare 12 sequences are planned better and executed faster. were not pre-planned in advance).
6
Taken together, our results provide evidence that on average participants pre-7 plan at least 3 elements into the future. It follows that, even a short 5-element 8 sequences could not be fully pre-planned, regardless of the given amount of 9 preparation time. As the remaining elements still need to be selected and planned, 10 this type of planning has to occur online, i.e., while already executing the beginning 11 of the sequence. This analysis shows that participants could reach pre-planning capacity for trained 4 sequences in 1600 ms, whereas they still benefitted from additional time to pre-plan 5 the untrained sequences. This result indicates that sequence-specific learning makes 6 the pre-planning of known action sequences faster.
7
In contrast, sequence-general learning did not seem to improve the speed of preparation time), the speed of preplanning remained stable (Fig 6B, dotted lines) .
14 Together these analyses reveal that improvements in pre-planning speed are present 15 for trained, but not for untrained sequences.
16
We then inspected the IPI profiles of trained and untrained sequences on day 17 4 (Fig. 6C ) to ask whether sequence-specific learning would also increase pre-
18
planning capacity. This analysis confirmed that on average participants can pre-plan 19 at least 3 elements into the future (effect of preparation time on 2 nd IPI, even for 20 trained sequences: 400 ms condition vs. 800 ms condition, t(19) = 2.14, p = 0.04).
21
However, the lack of an effect of preparation time on the 4 th IPI of trained sequences observed in sequence production.
7 Figure 6 . Training makes pre-planning faster, but not more complete. To assess sequence-general learning we compared performance for untrained sequences between day 1 and day 4. To assess sequence-specific learning, we compared trained and untrained sequences on day 4 (the last 4 blocks: 2 trained, 2 untrained). A. Mean ET as a function of preparation time, separately for untrained sequences on day 1 (orange dotted), trained (blue) and untrained (orange solid) sequences on day 4. Other figure conventions are the same as in Figure 5A . B. Speed (1/ET), expressed as percentage of the individual speed reached at 2400 ms preparation time, separately for untrained sequences on day 1 (orange dotted), trained (blue) and untrained (orange solid) sequences on day 4. C. Mean interpress interval (IPI) duration on day 4, separately for untrained (left) and trained (right) sequences, and preparation time levels. Shaded areas indicate standard error of the mean. Finally, the retention test allowed us to explore also to what degree 13 sequence-specific learning depends on an explicit memory of the trained sequences. The retention test also allowed us to more closely investigate sequence-specific 7 improvements in online planning. As in the training experiment, we confirmed that 8 participants could still pre-plan an average of 3 elements into the future, and we 9 found no effect of preparation time on the 4 th IPI (F 3,42 = 2.65, p = 0.06; Fig 7B-7D) .
10
Once again, we took this result as a sign that participants could not pre-plan the 11 whole sequence at once, which indirectly implies that online planning must have 12 occurred.
13
To further investigate the contribution of online planning to sequence-specific 14 learning, we re-analyzed the IPIs from the training and retention experiments,
15
grouping the first two (IPI 1-2) and the last two (IPI 3-4) IPIs in the sequence (Fig. 8 ).
16
As we have shown, the first two IPIs could be largely pre-planned (as their speed 17 varied with preparation time), whereas the last two IPIs needed to rely on online 18 planning to a much greater extent. Thus, if we found an effect of sequence type on 19 IPI 1-2 at the longest preparation time (i.e., for well pre-planned presses), it would 20 provide evidence that sequence execution processes had improved beyond the 21 advantages of pre-planning. Additionally, if we found a larger effect of sequence type 22 on IPI 3-4 (i.e., for less pre-planned presses), we would take this as evidence that 23 online planning got better following sequence-specific training.
1 Figure 8 . Improved online planning robustly underlies sequence-specific learning. Mean duration of IPI pairs (first 2 IPIs left, last 2 IPIs right) as a function of preparation time, separately for trained (blue) and untrained (orange) sequences. Other figure conventions are the same as in Figure 5A . A. Training experiment, Day 4, last 4 blocks (2 trained, 2 untrained). B. Retention test, Blocked blocks. For comparison, mean IPI pair durations for the Free-RT task are also shown in light gray and dark gray, for untrained and trained sequences respectively. C. Retention test, Mixed blocks.
1
In the training experiment (day 4, last 4 blocks: 2 trained, 2 untrained) we 2 found that IPI 1-2 of trained sequences were significantly faster than those of the 3 untrained sequences, for all preparation times (all preparation time comparisons: t 19 4 > 5, p < 0.0001; Fig. 8A ). However, in the retention test this was only true for the 5 blocked paradigm (preparation time 2400 ms, IPI 1-2, t 14 = 2.64, p = 0.019; Fig. 8B,   6 left). In mixed blocks, we found no significant difference in mean ET between trained 7 and untrained sequences (preparation time 2400ms, IPI 1-2, mean difference: 24 ± 8 25 ms; t 14 = 0.95, p = 0.36; Fig. 8C, left) . Overall, these mixed results point to a 9 limited role of motor execution processes to sequence learning.
10
However, for IPI 3-4, we found a robust main effect of sequence type for the 11 longest preparation time (Fig. 8, right) , regardless of experiment (training: show that on average participants pre-plan the first 3 sequence elements, and can do 10 so in less than 2 seconds. The speed of pre-planning improves with sequence-11 specific, but not sequence-general, learning. However, regardless of the amount of 12 time allowed to prepare, the pre-planning capacity (i.e., how many actions can be 13 pre-planned into the future) appears to be limited. Therefore, for sequences longer 14 than 3 items, or when given little time to prepare, the remaining sequence elements 15 have to be planned online during the execution of the beginning of the sequence. We
16
show this process is faster for trained than untrained sequences. Overall, our results
17
support the view that sequence-specific learning is explained by improvements in 18 planning processes both before (i.e., pre-planning) and during sequence execution
19
(i.e., online planning). However, given that it is defined to work on one element at a time, this process 7 cannot account for sequence-specific learning effects. Free-and Forced-RT conditions. This indicates that 1) 2400 ms is sufficient to reach 15 pre-planning capacity, and that 2) dual task requirements of the Forced-RT paradigm
16
did not limit pre-planning capacity. in the motor sequence.
25
The main implication of this idea is that, if the length of the sequence exceeds 26 the pre-planning capacity, later sequence elements need to be selected and planned 27 during the ongoing execution of earlier sequence elements. This is clearly evident from Fig. 6C , showing that the first two IPIs were significantly faster in the 2400 ms 1 vs. 400 ms preparation time condition (an index of superior pre-planning), whereas 2 the last two IPIs were not. Therefore sequence planning does not end at the onset of 3 execution (Verwey 1996), but continues during execution as online planning.
5
Sequence training improves pre-planning ability 6 We then investigated whether pre-planning, online-planning, and motor execution 7 processes improved with sequence-specific learning. Our first novel result, consistent 8 across training and retention experiments, was that pre-planning became faster for 9 trained sequences (Fig. 6B) . In other words, participants needed less time to reach a 10 fully prepared state (i.e., to reach planning capacity). As a consequence, longer 11 preparation times were only beneficial for the execution of unfamiliar sequences. The 12 faster pre-planning was also evident in faster reaction times when movement 13 initiation was not constrained in the retention experiment (i.e., Free-RT paradigm).
14 Interestingly we found that, despite the overall gain in execution speed, there was no 15 change in pre-planning speed for untrained sequences between day 1 and day 4 16 (Fig. 6B) , suggesting that the ability to improve pre-planning is sequence-specific and 17 depends on sequence familiarity (developed through training). Furthermore, our data 18 indicated that the pre-planning capacity of 3-4 items was relatively fixed and could 19 not be increased with training.
20
Does sequence-specific learning affect motor execution skills?
22
In the training experiment we found that trained sequences were executed faster 23 than untrained ones even when participants were provided with ample time to 24 prepare the sequences (Fig. 6A ). This effect was also observed for the first two IPIs,
25
which participants could fully prepare (Fig. 8A) , and for which online planning should 26 play a minor role. These findings could therefore be taken as evidence that sequence-specific learning improves motor execution itself, beyond the benefit of 1 sequence pre-planning.
2
What could explain such an improvement in motor execution? It should be 3 noted that trained and untrained sequences were matched for probability of 1 st order 4 transitions. That is, learning to execute specific transitions between any two fingers 5 should have benefitted the production of trained and untrained sequences equally. A 6 putative sequence-specific learning effect on the execution level, therefore must 7 consist of learning specific transitions between 3 or more fingers. untrained sequences for the longest preparation time (2400 ms) was not significant.
12
Therefore, our results remain somewhat inconclusive in respect to sequence-specific 13 improvements in motor execution. Although learning to execute specific 3-finger 14 transitions may have played a role in speed improvements, the result may be more 15 pronounced in blocked conditions ( Fig. 7A-7C ). This may suggest a role of increased 
Conclusions

13
The combination of experimental approaches used here allowed us to disentangle 14 different components of skill learning in a sequence production task. We showed that 15 performance improvements cannot be fully explained by either faster single-item possibility to investigate the neural mechanisms of online planning in animal models.
22
For such experiments, however, it will be critical to ensure that the number of 23 sequence elements is higher than the pre-planning capacity, such that online 24 planning and motor execution processes can be dissociated. Overall, online motor 25 planning constitutes a central mechanism at the interface between the cognitive and 26 the motor system that allows the brain to deal with a continuous stream of stimuli and 27 motor demands.
